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Replacementof the C-2 estergroupin phosphatidylcholineby the carbamYloxyfunctionrenderedits
liposomescompletelystableandlongerliving in thecircUlationof rats.
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1. INTRODUCTION
The successfulapplicationof liposomesasdrug
carriersin therapy[1,2]is largelyrestrictedbytheir
major uptakein liver andspleen,andalsotheir
structuraldisintegrationin blood [3].Disruption
of liposomesin thecirculationis mainlycausedby
thetransferof theirlipid constituentsto thehigh
densityfractionof plasmalipoproteins[4;5].This
effectof thelipoproteinis reducedby increasing
theCH contentof theIiposomes[6,7]or byanap-
propriatechoiceof the phospholipidcomponent
[8,11].
In anattempto designliposomesthatwouldbe
stablein blood,wehaverecentlymodifiedphos-
phatidylcholinesby introducingoneNH residue
adjacentto the carbonatomof their C-2 ester
group [12].This changerenderedthe resulting
phospholipidsselectivelyresistantto phospho-
lipaseA2 [12], without adverselyaffectingthe
physico-chemicalpropertiesof the liposomes
Abbreviations:PC, phosphatidylcholine;MPC, I-pal
mitoyl-2-heptadec-I0-cis-enylcarbamyloxy-sn-glycero-
3-phosphorvlcholine;CH, cholesterol;6-CF, 6-carboxy-
fluorescein;HDL, high densityfraction of plasma
lipoproteins
·To whomcorrespondenceshouldbeaddressed
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Lipid transfer
[12,13].Further studieswith theselipids have
revealedthatcompletereplacementof eggPC in
liposomes by MPC prevents serum-induced
leakageof theentrappedsolutesandalsoinhibits
thelipidtransferfromliposomestoserumproteins
[14].We nowreportheresultsof our studieson
thein vivostabilX:yof theliposomesconsistingof
MPC andCH. Q,r datashowthattheseliposomes
arecompletelyMableandlongerlivingin thecir-
culationof theitljectedanimals.
2. MATERIAlJ AND METHODS
Egg PC, MPt~egg [methyl-14C]PC(35/LCij
/Lmol)and [m~_14C]MPC (l5/LCii/Lmol)were
preparedas in fl2]. All thesephospholipidsex-
hibitedsinglefiNs on silicagelG-60 thin-layer
chromatograph)'(TLC) plates. The assay of
radioactiveisotqRswascarriedoutasin [14].The
amountsof 6-Cif"weremeasuredin theabsence
andin thepreseJft'ofTritonX-loo (1070finalcon-
centration, plJ1:'4) on an Aminco SPF-5oo
fluorimeteruS~excitationand emissionwave-
lenghtsof 490aifL520nm, respectively.
2.1. Liposomes
Smallunilamt1ifliposomeswerepreparedfrom
40/Lmolof ph~l'blipid,tracesof thecorrespond-
ing 14C-labeletJ;Jhospholipide4C, -100pCi),
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20pmol of CH and6-CF (0.2M) in 2.0ml Tris-
bufferedsaline(10mM in 0.91170NaCl, pH 7.4)by
probe sonication[12],and fractionatedby cen-
trifugationat105000x g (Ti-50fixedanglerotor)
for 30minat 100e.Only theliposomesfoundin
thetop two-thirdsof thesupernatantwereused.
Free and liposomal6-CF wereseparatedby gel
filtration of the fractionatedliposomeson a
Sephadex0-50column(1.5x 20cm).Thecolumn
waselutedwiththeTris buffer.Theliposome-rich
fractionswerepooledtogetherandusedin further
experimentswithin I h after the gel filtration.
Homogeneityof the liposomepreparationswas
routinelyanalysedby columnchromatographyon
Bio-OelA-50m.BotheggPCICH andMPCICH
liposomesinvariablyelutedwith the included
volumeof the Bio-Oelcolumn,and had similar
sizedistributions.Theouterdiameterof liposomes
was about30-60nm, as determinedby negative
stainingelectronmicroscopy.
2.2. Clearanceof liposomesfrom thecirculation
Liposomal preparations(P, 5-7pmol; 14C,
-10 pCi) in bufferedsaline(1.0ml)wereinjected
into tail veinof malerats(albino;averageweight
200g). Bloodwasdrawnbyretroorbitalpuncture
intoheparinizedmicrocentrifugetubesatspecified
time intervals.A measuredaliquot (0.2ml) of
blood wassuspendedin theTris buffer (1.0ml)
andcentrifugedat3000rev.lmin(4°C).Measured
volumesof thedilutedplasmawereassayedfor
radioactivityandalsofor freeandtotal(free+li-
posomal)dye.The amountsof radioactivityand
the liposomaldyeremainingin thecirculationat
specifiedtimeperiodswerecalculatedbyassuming
2 minvaluesas 100%.Theamountsof 6-CF that
remainedentrappedat2 minwere90-98%of the
trappedamountsprior to theinjection.
2.3. Uptakeof liposomesin liverandspleen
Blood (-10 pi) from rats was drawn into
heparinizedcapillarypipettesimmediately(2min)
afterinjectingliposomesin them,andtransferred
to preweighedscintillationvials. It wasweighed
and treatedwith 0.1M NaOH (0.1ml) followed
byH202(30%,wIv; 0.1ml).Thesamplewaskept
atroomtemperaturefor 30-40min.It wasdissolv-
ed in thescintillinandanalysedfor radioactivity.
The animalswerekilled 24h afterthe injection
andtheirliversandspleensweretakenout. These
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werewashedwith the Tris buffer, blottedand
weighed.Thetissuesweremincedandhomogenis-
edin thebufferedsaline(10%,w/v). A measured
portionof eachhomogenatewasassayedfor radio-
activity.The amountsof radioactivitypresentin
liverandspleenwerecalculatedaspercentagesof
the total injectedradioactivity.The total radio-
activitywascalculatedfrom 2 min bloodsample
by assumingthetotalbloodvolumeas8% of the
bodyweight.Just beforesacrificingtheanimals,
the radioactivityand6-CF levelsin total plasma
were-30% for MPCICH liposomes.In caseof
eggPCICH liposomes,<7% radioactivityandno
6-CF weredetectedin theplasmasamples.
.
I
3. RESULTS AND DISCUSSION
Smallunilamellarliposomeswerepreparedfrom
phospholipidsand 50mol 070CH by sonication,
and fractionated by centrifugation. These
liposomeswerelabeledwith14Cbyincludingtrace
amounts of the corresponding 14C-labeled
phospholipidin the lipid mixture.6-CF (0.2M)
wasentrappedin liposomesas themodelsolute.
This dyeremainscompletelylatentwhenentrap-
ped at a high concentration(0.05-0.25M), and
fluorescesonly upon its leakageand subsequent
dilution in the surrounding medium [15].
Measurementsof theamountsof thelatentdyein
plasmashould,therefore,allowaccuratemonitor-
ingof theliposomal6-CF in thecirculationof the
injectedanimals.
Time-dependentdisappearancesof free 6-CF
frombloodwasdeterminedby injectingitsdilute
solutions(0.02M) in rats.More than95% of the
total injecteddye was clearedin 60min. The
clearancetimeof 6-CF markedlyincreasedwhen
administeredafter encapsulatingit in MPCICH
liposomes(fig. lA, solidcircles),whichwasquite
unlikethatobservedineggPCICH liposomes(fig.
lA, solidtriangles).The fasterclearanceof 6-CF
from theeggPCICH liposomesmayresultfrom
theplasma-inducedleakageof theentrappeddye
[7].This is evidentfrom thedifferencesbetween
theratesof clearanceof theliposomal14Candthe
latent6-CF (fig. IA,B solidtriangles).
The plasma-inducedleakageof the entrapped
6-CF fromtheliposomeswasascertainedby com-
paringtheratiosof liposomal14Cto latent6-CF at
a givenperiodof timeand2 min afterthe injec-
jtf
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Fig. I. Clearance of liposomal 6-CF (A) and
radioactivity(B) from the circulationof rats after
injectingliposomes.Each point is the meanof 4-6
animals. Bars, SD; solid triangles, egg PC/CH
liposomes;solidcircles,MPC/CH liposomes.
tion. Fig. 2 showsthatthis ratio for MPC/CH
liposomesremainsunalteredat leastup to 6 h in
the circulation,suggestingthat the blood com-
ponents do not induce any change in the
permeabilitybehaviorof theseliposomes.This is
quitein accordancewith our earlierobservation
that the incubationof MPC/CH liposomeswith
serumfailsto acceleratethereleaseof theentrap-
pedsolutes[14].As observedwithserum[14],the
6-CF efflux from egg PC/CH liposomeswas
markedlyenhancedin blood(fig. 2). To confirm
that this enhancedleakagefrom egg PC/CH
liposomesis dueto the lipid transferto plasma
proteins[4,5],wehavemeasuredthephospholipid
transferfromliposomesto theseproteins(fig. 3).
The resultsgivenin table1indicatethatfromegg
PC/CH liposomesconsiderablylargeramounts
(18-210/0,60min)of thephospholipidweretrans-
o 90 180 270
TIME (min)
360
Fig. 2. The plasma-induced leakage of 6-CF was
calculatedfrom the ratios of the liposomal 14Cto latent
6-F at a given time period (tx) and 2 min (to) after
injecting liposomes in rats. Q is a quotient of
[14C/6-CF],x and [14C/6-CF],o' When Q-values were
closeto one, the liposomeswereregardedasstablein the
circulation. The values greater than one reflected
plasma-induced leakage of liposomal 6-CF. The
maximum Q-value obtained for MPC/CH liposomesup
to 6 h in the circulation was 1.12whereasthis value for
egg PC/CH liposomes was 4. Leakage rates of 6-CF
from MPC/CH liposomes in buffer (pH 7.4) at 37°C
were almost identical to those from egg PC/CH
liposomes (5-8070,6 h). Bars representmeansof 4-6
animals :t SD. Open bars, eggPC/CH liposomes; solid
bars, MPC/CH liposomes.
ferredto plasmaproteins,as comparedto that
from the MPC/CH liposomes(3-6%, 60min).
Also, the major amount of protein-associated
phospholipidelutedin fractionswhichmatchthe
elutionprofileof HDL (fig. 3).
Theseresultssuggesthata minor but specific
structuralmodificationof thephospholipidcom-
ponentcansignificantlyenhancethestabilityand
survivaltimesof theliposomesin thecirculation.
The structuralchangethatwasintroducedin PC
virtuallyhad no adverseeffecton the physico-
chemicalpropertiesof the liposomes[12,13].In-
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Fig. 3. Liposomeswereinjectedin rats, and blood
(-1.0 mt) was drawn into heparinizedglasstubesat
15minand60minafterinjection.The bloodsamples
werecentrifugedanda portionof plasma(0.3-0.5ml)
was chromatographedover Sepharose68 column
(1.4x 35cm). Fractionswereanalysedby measuring
absorbanceat280nmonaSpectronic710spectrophoto-
meterandalsobyscintillationcountingof 14C.(A) and
(8) areelutionpatternsof plasmasamplesobtainedat
15minand60minaftertheinjection,respectively.Solid
line, egg PC/CH liposomes;broken line, MPC/CH
liposomes.In one experiment,plasmaobtainedfrom
bloodof ratsthatwerenot injectedliposomeswasalso
chromatographedasabove(C). Whenliposomeswere
incubatedwith bufferat 37°C and a portionof this
mixturewaspassedthroughthecolumn,>95%of the
totalradioactivityelutedin fractions13-17.PureHDL
from this column was eluted in fractions 26-32.
Recoveriesof radioactivityandproteinfromthecolumn
wereat least90070.The phospholipidtransferfrom
liposomesto plasmaproteinswascalculatedfromareas
undertherespectivepeaks.The areasunderthepeaks
wereexpressedaspercentagesof thetotaleluted14C(or
protein).A summaryof datafor phospholipidtransfer
is givenin tableI.
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TableI
Transferof phospholipidsfromliposomesto plasma
proteins
Liposomes Phospholipidtransfer(%)
15min 60min
Egg PC, CH
MPC,CH
19.51j; 1.90
4.30j; 1.52
14.61j; 0.29
3.21:t 0.89
Valuesarethemeansof 4-6 animals:t SD
Table2
Uptakeof liposomesin liversandspleensof rats24h
afterinjection
Liposomes % of initial (2min)amountof
radioactivityin blood
Liver Spleen
0.40:t0.1I
0.68:t 0.20
Egg PC, CH
MPC,CH
10.88:t 2.22
16.45:t 0.80
Valuesarethemeansof 3-5 animals:t SD
stead,this changeseems10 offer the following
advantages:
(i) The phospholipaseAz-resistingpropertyof
MPC couldhavereducedthecaptureandlysis
of theliposomesin liver [16]:
(ii) Introductionof theNH residueadjacento the
carbonatomof theC-2 estergroupleadsto a
more orderedphospholipidpacking in PC
bilayers[13]eitherdue to the interlipidH-
bonding[13]or becauseof thestabilizationof
thephospholipidconformation[17-19],which
in turnmighthavereducedthelipidtransferto
HDL [6,11].
To examinethevalidityof thesesuggestions,we
have determinedthe amounts of uptake of
liposomesin liver and spleen, and also the
phospholipidtransferto HDL. Thedatashownin
table2 indicatethat in caseof MPCICH Iipo-
somes,relativelyhigheramountsof radioactivity
werepresentin liver andspleen.However,these
amountsshouldnot reflectthehigheruptakebut
couldarisefrom thereducedratesof lysisof the
liposomesin theseorgans[16].Furthermore,when
both MPCICH and eggPCICH liposomeswere
separatelyincubatedwith HDL (3h, 37°C), no
transferof MPC to theproteinwasobserved.On
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thecontrary,-50070eggPC wastransferredunder
identicalconditions(A. Bali, S. Dhawan, and
C.M. Gupta,unpublishedresults).
, This studyclearlydemonstratesthat an ap-
propriatetailoringof thephospholipidcomponent
can significantlyminimizethe basicdrawbacks
associatedwith liposomesas drug carriers.The
phospholipaseAz-resistingpropertyof MPC will
not resultin its long-termtoxicity,becausethis
lipidwouldreadilybedegradedbyotherphospho-
lipases[12].TheMPC/CH liposomesmay,there-
fore,findsomeusefulapplicationsasdrugcarriers
in therapy.
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